We report an original all-optical synchronization scheme suitable for a quantum relay based experiments at telecom wavelengths. After discussing the entangled photon sources' performances, we validate our scheme by performing a two-photon interference at the relay station.
INTRODUCTION
Quantum information science has been flourishing over the last two decades with spectacular demonstrations both inside and outside the laboratory. Quantum superposition of states and entanglement are now seen as resources to encode quantum bits of information [1] . Their manipulation promises new paradigms in information processing and communication, unachievable using classical bits. As an example, future quantum computers, capable of massive parallel operation, could solve complex problems such as factorization of large numbers in much shorter times than their classical analogues [2] . At the same time, quantum communication targets the transfer of prepared quantum states, or quantum bits of information from one place to another [3] . Within the range of its applications, quantum cryptography offers a provably secure way to establish confidential keys between distant partners [4] .
In the context of quantum technologies, photons are excellent candidates as information carriers due to the possibility of realizing optical qubits that can be transmitted though optical channels, manipulated by means of linear optics and interfaced with matter [5] . The presence of telecommunications optical fibers and related technologies provide high-end components, making the wavelengths of 1550 nm, that correspond to the minima of absorption for silica, particularly suitable for qubit distribution over long distances. However, unavoidable and exponentially increasing propagation losses over fiber channels, combined with dark counts in single-photon detectors, degrade the communication signal-tonoise ratio and set a boundary beyond which the signal-to-noise ratio (SNR) is lower than 1, and direct channel connections becomes unfeasible. In classical communication, this problem is solved by inserting repeaters based on amplifiers able to regenerate the signal along the channel. This is however not possible for quantum bits of information for which perfect cloning is prevented by the no-cloning theorem [6] .
In this frame, entanglement based quantum communications protocols are considered as main tools to address the urgent problem of secure communications. In this case, information is retrieved by exploiting non-classical correlations between two entangled parties spatially separated [7, 8] : provided the entanglement source is put halfway between the two partners, the overall distance can be ideally doubled with respect to single-photon protocols. More interestingly, the architecture known as quantum relay allows further pushing the communication distance. The basic idea is to break a (long) communication channel into shorter subsections, each spanned by a pair of entangled photons, and then to use the protocol of entanglement teleportation (or entanglement swapping) to link the subsections together [3, 9] (see Fig. 1 ). In this configuration, the swap is obtained by performing a joint measurement (also called Bell state measurement -BSM) on the two inner photons, each coming from one source, which projects them onto an entangled state. As a result of the associated detection (see Figure 1) , entanglement is transferred to the outer photons, and established between the users as if they had received each an entangled photon directly [4, 6] . Note that the two inner photons are supposed to come from independent remote sources, therefore sharing no common "quantum past". Figure 1 . Concept of entanglement swapping with independent remote sources. The swap is obtained by performing a Bell state measurement which amounts to registering a coincidental detection after the two photons have interfered through a simple beamsplitter [6, 18, 20] . To ensure perfect overlap of the two photons at the BSM location, their coherence times have to be greater (filtering stages) than the time uncertainties within which they have been both generated. It is therefore always possible to compensate for rough synchronization but the price to pay is obviously a decrease of the repetition rate. EPPS: entangled photon-pair source.
With respect to direct entanglement-based communication, this scheme benefits from a much lower noise level and, for a given signal-to-noise ratio, it allows extending the overall maximum distance over which the communication is feasible [6] . As for an example, this scheme is at the heart of all network topologies where different satellite users are connected one-to-one via a central relay node [10, 11] . More in general, the relay configuration is particularly well adapted longdistance operation in optical fibers [12, 13] . A demonstration of entanglement teleportation exploiting a free-space quantum channel connecting ground-to-satellite has been recently shown [13] .
In experiments, such a relay configuration is far from being trivial since the two sources have to emit photon-pairs in a perfectly synchronized regime. This is the necessary condition towards enabling the quantum relay coupling and the long-distance operation. More in details, the success of the entanglement teleportation protocol relies on the perfect indistinguishability of the photons interfering at relay stations: indeed, for the realization of the entanglement relay and more generally of quantum networking, interference between two photons, or photon coalescence, produced by independent sources is necessary and seen as a preliminary step to the BSM (see Figure 1 ). This quantum effect has been extensively studied both theoretically [14, 15] and experimentally, initially based on two photons coming from a single source and therefore sharing a common past [16, 17] . However, experiments involving truly independent photons in a quantum relay based on entanglement swapping represent an important challenge. The condition of perfect indistinguishability of the two interfering photons is to be intended with respect to any degree of freedom. In particular, the most critical implication is that the two photons must not be discriminated by their arrival times at the BSM. In other words, they must be synchronized within accuracy better than their coherence time, representing their intrinsic time uncertainty [18, 19, 20, 21, 22] . Quantum relays for networking applications therefore depend on the realization of perfect synchronization of independent sources to prevent any temporal distinguishability between the interfering photons.
A major bottleneck is thus represented by the synchronization of remote and independent entangled photon pairs sources (EPPS), which are usually pumped by independent lasers. Experimentally, entangled photon-pairs are generally produced by utilizing the process of spontaneous parametric down conversion (SPDC) in non-linear crystals [23] . To achieve entangled photon at telecom wavelength, the non-linear components must be pumped by light beams at a wavelength ≈ 750 nm. Two possible pumping regimes are then available. In pulsed regime, the use of short pump pulses has the double advantage of reducing the uncertainty on the photon creation times and introducing an intrinsic timebinning independently of the detection properties. Typical synchronization scheme employed in pulsed regime rely on configurations where the pump lasers of the distant EPPS, usually two solid state lasers, are locked together in master/slave configurations. However, such a strategy demands the implementation of sophisticated phase-locked loops [20] or atomic clocks and dedicated electronics [24] and it is fundamentally limited by the travelling times of the feedback signal [20] . Alternatively, continuous wave (CW) pumping followed by the post-selection of two-photon detection coincidences can be used. In this case, issues linked to pump laser synchronization are completely relaxed, however, since no intrinsic time-binning is provided by the continuous lasers, detector timing jitters become the principal source of time uncertainty [21] . It is thus mandatory to use narrower filters, i.e., on the order of 10 pm (compared to the fs case), to provide the generated photons with a coherence time well above the jitter (at best, on the order of a few tens of ps). However, with such coherence times, the maximum "effective" repetition rate of such sources would be limited to 100 MHz. This value is further reduced by narrow filtering stages. In addition, the indistinguishability in terms of central wavelength is sensitive to any drift of the filter. Note that narrow band filters are also demanded in realizations employing as pumps two CW laser synchronously modulated by a common microwave signal [10, 11] . More in general, the requirement of producing high repetition rate synchronized entangled photon sources at arbitrary remote locations excludes the possibility of using ordinary electronically based synchronization. The associated electrical-to-optical conversions would indeed lead to additional jitters and would prevent from reaching a perfect level of synchronization.
PROTOCOL CONCEPT AND EXPERIMENTAL RESULTS
In our work we demonstrated a simple, high-speed, and accurate synchronization scheme for long-distance quantum networking. We propose circumventing the issues related to the synchronization of two lasers by distributing over the quantum network a single telecom laser acting as a common clock feeding the two (or more) remote EPPS (see Figure  2) . The telecom lasers emit optical pulses at a wavelength compatible with long distance propagation in optical fibers and at high repetition rates and, accordingly it can be distributed to distant sources by means of classical telecommunication technics. The considered approach is well promising in terms of synchronization accuracy since it takes advantage of an all-optical master clock distribution to the employed photon-pair sources. Accordingly, no additional timing jitter should be introduced, compared to electro-optical conversions required for instance when GPS technology or servo-loop systems are employed. Moreover, such a configuration is compatible with high-speed operation, where the master clock laser has a repetition rate of the order of GHz.
Preliminary results on heralded single photon source.
As a preliminary test, we investigate the behavior of our optical EPPSs to prove their capability for ultra-fast entangled photons generation. To this end we isolated one of the EPPS and make it work as a heralded single photon source: in these schemes, pairs of correlated photons are produced and the detection of one of the photons is used to herald the emission time of its twin [25] . In this regard, we note that the study of heralded photons allows estimating the quality of the entangled pairs that are emitted for the non-linear components and that will be used for the entanglement swapping. The experimental setup is represented in Figure 2 -a. The setup relies on a master clock is delivered by a state-of-the-art telecom fiber laser, capable of emitting 2-ps duration pulses at a repetition rate ranging from 1 to 10 GHz, which are among the highest values of current technology. For this part of the experiment we pushed it up to a repetition rate of 10 GHz. We also note that, in most of experiments, entangled telecom photons originate from the spontaneous parametric down conversion (SPDC) of optical pulses at ≈ 780 nm generated by solid-state mode-locked lasers [25] . However, the repetition rates of solid-state lasers are currently limited to few hundreds of MHz, so that to achieve ultra-fast operation, it is necessary to increase the mean number of emitted photon pairs by augmenting the pump power at the input of the SPDC-stage. A main drawback of this method is that, by doing so, multi-photon contributions become non-negligible. In our configuration, the high-repetition-rate laser allows generating photon pairs at a high rate while maintaining the mean number of photon pairs generated per pump pulse as low as required for negligible two-photon events. We note that this condition is of the utmost importance to guarantee high confidentiality in the data exchanges based on both single photon and entanglement [26] . At the same time, in the entanglement teleportation frame, the presence of unwanted multiple photons pairs can strongly limit the swapping protocol success [13] .
Optical pulses from a 10 GHz fiber laser are sent to a periodically poled lithium niobate optical waveguide (PPLN/w) [23] to be converted from 1540 nm to 770 nm via second-harmonic generation (SHG), and then used to pump a second PPLN/w so as to generate, via spontaneous parametric down conversion (SPDC), photon pairs at 1540 nm (see Figure 1) . Subsequently, the paired photons are deterministically separated by using a combination of a wavelength division multiplexer (DWDM) and a fiber Bragg grating (FBG) filter, in complementary standard telecom channels (ITU 43 and ITU 50). We note that, in pulsed regimes, efficient two-photon interference is obtained when any residual uncertainty on the photons creation time is eliminated. This condition can be fulfilled by ensuring a perfect matching of the bandwidth of pairs emitted from each of the EPPS with that of the pump photons. The emission of photon-pair through spontaneous parametric down conversion is associated with a broadband emission spectrum (coherence time of each photon is about 10 fs, see Figure 2 -b). A filtering stage is thus necessary to obtain ps-Fourier-transform photons, with important drawbacks in terms of the emitted photons rate. In this regard, we stress that the picosecond regime has been identified as a trade-off regime where both path length stabilization (on the order of few mm) and filter central wavelength stabilization (0.1 nm) can be easily fulfilled thanks to basic PID controllers [22] .
We characterize our sources in terms of the quality of single photon-pairs thanks to a conditional scheme: the detection of photon in one channel, performed by a superconducting single photon detector (SSPD) able to handle 10 GHz repetition rate, will herald the presence of complementary photon in the other arm of the setup. We measure for the probability of detecting pairs of photons ≈ 0.42, while, thanks to the laser high repetition rate, we observe heralding rate varying from a few tens of kHz up to 2.1 MHz, while keeping the mean number of photon-pairs generated per pump pulse well below the limit of 0.1 for which multi-photon contributions are negligible. These results are confirmed by a standard Hanbury Brown and Twiss (HBT) measurement who certifies the low probability of unwanted multi-pairs events against single-photon pair ones. More in detail, such a measurement allows obtaining the heralded single photon autocorrelation function, g (2) (0). The quantity g (2) (0) is ideally 0 for perfect single photon Fock states but it increases with the probability of unwanted two (or more)-photon events. Our highest experimental g (2) (0) is 0.023 and corresponds to an heralding rate of 2.1 MHz, thus, representing, to our knowledge, the best measured value for the autocorrelation function of heralded single photons announced at a rate in the MHz regime [27] . A residual mismatch between the expected g (2) (0) computed in the case of a perfect single-mode heralded single photon and the experiments observed for high R H can be explained by non-negligible photonic noise due to unwanted time and spectral modes on the heralded photons.
Quantum interference between single photons coming from distant EPPS.
Once the reliability of our EPPSs, as well as their capability in ultra-fast regime have been validated by the tests on heralded singles photons, we employed them to proceed to a two-photon interference experiment of the kind described before. As stressed before this type of interference is at the hearth of entanglement swapping experiments and it is extremely sensitive to any modal mismatch between the interfering photons and provide useful indications about the control one has on the photons' degrees-of-freedom.
The experimental setup is schematically represented in Figure 3 . It is based on two EPPS of the same kind of the one tested for the HSPS, but pumped by a master laser with a repetition rate of 2.5 GHz. The output laser is 50:50 split and distributed to two remote sources. At each of the source nodes, the master clock pulses are amplified (erbium doped fiber amplifier, EDFA) and doubled to visible light at 770 nm (SHG) so as to be used as pump fields for two photon-pair sources. Entangled photons at telecom wavelengths are generated via spontaneous parametric down conversion in At the relay station, the quality of the synchronization is checked thanks to two photons interference [16] . When the two interfering photons are made perfectly indistinguishable, quantum theory predicts a drop to zero in the four-fold coincidence counts, the so-called Hong-Ou-Mandel effect. Here, this behavior is observed with a reduction in the raw four-fold coincidence among the detectors at Alice's, Bob's and Charlie's station. Experimental visibility is greater than 99% and clearly validates our scheme. The measured temporal width of the HOM dip of 18 ps agrees with the expected value given by the width of the idler photon filter stage. Note that in order to reproduce a real-world situation our measurement refer to an asymmetric configuration which the distance between the laser and each of the EPPS is not the same. In particular, a length mismatch bigger than the master clock laser coherence length has been chosen so as to be sure that the two sources can be treated as independent. 
